STRAIN BEHAVIOUR OF 
ISISOTROPICALLY CONSOUDATED GANGA SAND 


A Thesis Submitted 

in Partial Fulfilment of the Requirements 
for the Degree of 

master of technology 


By 

PRABHASH SINGH, 


to the 

Department of civil engineering 

INDIAN INSTITUTE OF TECHNOLOGY, KANPUE 

APRIL, 1981 



eg- I'ioi- M -siM-ST^ 


II • 



^ w 


^6 may r98| 



Tb 

MY MOmER 



CERUFICA^ 


Certified that the work on 'Stress-Strain 
Behavicwr of Anisotropically Ccaisolidated G^ga Sajd* by 
P ratal ash Singh has been carried out under my supervision 
ar^ that his work has not been submitted elsewhere for the 
award of any degree or diploma. 


(YUDfffilR) 

Professor 


Department of Civil Engineering 
Indian Institute of Technology 
Kanpur. 


April, 1981 



iii 


acknowledgements 

I am iraSebted to Prof. Yudhbir for taking vary 
keen interest at all stages and his inspiring attitude wa« 
ins trim®! tal in rapid progress of this research irork, 

I am extremely grateful to my fri®id shri N.B.S. 
Rao guided me at every stage of this experimental 
But for his help it would not have been possible to complete 
this investigation in such a short time. 

I am thankful to Shri K.V. L^shmidhar for 
extending all possible cooperation during the experimental 
work. I thank shri A.K. Srivastava, shri R.P. Trivedi for 
their kind help aixJ cooperation. Ihe help rendered by Shri 
Gulab Chand and Shri Parmsl»iram is acknowledged . 

Ihe neat typing of Shri R.N. Srivastava and good 
tracing work of Shri J.c, Verma are highly appreciated. 

Last but not the least I express my gratitude to 
Shri P. desousa, CSiief Engineer, C.p.w.d. (Retd.) who 
inspired me to take up this programme, 

Prai^ash Singh 



iv 


CXJN'mN'IS 

Page 

LIST OF TABLES 
LIST OF FIGURES 

NOTATIONS ^ 

SYNOPSIS 

CHAPIER 1, INm)IXJCTrON ^ 

CHAPTER 2. LITERAIURE REVIEW 4 

2.1 General 4 

2.2 Deformation Behaviour Baseti on the 

Theory of Elasticity sa^ Plasticity 7 

2.2.1 Theory of Elasticity Methods 7 

2.2.2 Theory of Plasticity Methods 8 

2. 2. 2.1 Can-Clay Jtodel 9 

2. 2. 2. 2 Modified Cam-Cl^ Model lO 

2. 2. 2. 3 Roscoe and airland (1968) 

Model 11 

2.2.3 Semi Etepirical Model I3 

2, 2. 3,1 Mathur (1975) and 

Jain (1979) Model 13 

2.3 Scope of Investigation 14 

CHAPTER 3, DETMLS OF EXPERIMENTAL SET UP AND 

TESTING PROGRAMME 17 

3.1 General 17 

3.2 Material used 17 

3.3 Equipment for Testing 18 

3.3.1 Triaxial Cell 18 

3.3.2 Volume Gauge 18 

3.3.3 Self Compensating Mercury Craitrol 

System 18 

3.4 Preparaticai of Specimen 18 

3.5 Setting up of Specimen 20 

3.6 Back Pressure Saturation 21 

3.7 Consolidation 22 

3.8 Anisotropic Ccsnsolidation 22 

3.9 Details of Drained Tests and Various 

Stress Paths Used 24 



CHAPTER 4 


V 


Page 

. PRESENTATION OP EXPERIMENTAL DATA 25 

4.1 General 25 

4.2 Relationship Between Void Ratio and Mean 

Effective Pressure 25 

4.3 Results of Drained Tests 26 

4.3.1 P’ -constant (q-increasing ) Test 26 

4.3.2 P'-constioit (q-decreasing ) Test 26 

4.3.3 q-constant (P' -increasing ) Test 27 

4.3.4 q-constant (P* -decreasing ) Test 27 

4.3.5 Stress Path A 28 

4.3.6 Stress Path C 28 

4.3.7 Stress Path 28 

4.4 Failure Envelope 29 

4.5 Critical State Line 29 

CHAPTER 5. PREDICTED AND OBSERViD STRESS STRAIN 

BEHAVIOUR AND DISCUSSIONS 30 

5.1 General 30 

5.2 Determination of Model Parameters 31 

5.2.1 Mathur (1975) and Jain (1979) Model 31 

5. 2. 1.1 P ‘-constant (q-increasing ) 

Test 31 

5. 2. 1.2 P* -constant (q-decreasing) 

Test 32 

5. 2. 1.3 q-constant (P' -increasing) 

Test 33 

5. 2. 1.4 q-cc»istant (P* -decreasing) 

Test 33 

5.2.2 Modified Can-Cl^ Model (Burland. 

1965) 34 

5.3 Predicted ard Observed Stress-Strain 

BehavicRir Along Various Stress Paths 35 

5.4 Gon^rison of Experimental and Predicted 

Results 36 

5.4.1 Stress Path A 36 

5.4.2 Stress Path C 37 

5.4.3 Stress Path C^ 37 

5.5 Observed Deformation Behavitxir of Sand 39 

CHAPTER 6. OONCLUSION AND SCOPE FOR FURTHER 

INVESTIGATION 45 

6.1 Conclusion 45 

6.2 Scope for Further Investigaticxri 46 

49 


REFERENCES 



LIST OF TABLES 


Contwit 

Physical properties of Ganga sand 

Basic tests required for prediction of stress 
paths in different quadrants 

Model paraneters for various basic tests on 
anisotropically consolidated loose sand for 
P| = 2,5 Kg/an2, ^ - 0,5. 


page 

47 

47 


48 



vii 


Figure 

1 

2 

3 

4 

5 

6 
7 

S 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 


LIST OF FIGURES 


No. 


Title 


Stress strain behaviour of material 

Grain size distribution of sand 

Various stress path investigated arri failure 
envelope 

Averse anisotropic and iaotropic <scaiiM>lldation 
line, critical state line and q-constant loading 
and unloading line 

Isotropic consolidation and swelling line 

K^-consolidation in oedcmeter apparatus 

Variation of ^ with vertical stress o* in 
oedometer test ^ 

Stress-strain behaviour for P '-constant test 
{q-increasing ) 

Hyperbolic stress strain relationship for P'- 
constant test 

Stress-strain behaviour for P* -constant (isotropic) 

Stress-strain behaviour for P‘-constait 
(q-decreasing) test 

Stress-strain behaviour for q-constant 
(P* -increasing) test 

Stress-strain behaviour for q-constant 
(P ' -decreasing ) test 

Stress-strain behaviour for A-s tress path 
Stress-strain behaviour for C-stress path 
Stress-strain behaviour for -stress path 
Failure envelope 

Determination of parameters P* -constant 
Cq-increasing ) test 



viii 


Figure No, 


Title 


19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 


30 

31 

32 


Determination of parameters P' -constant 
(q-increasing) test 

Determination of parameters P' -constant 
(q-docreasing ) test 

Determination of parameters q-constant 
(P* -increasing ) test 

Determination of parameters q-constamt 
Cp • -decreasing ) test 

Determination of parameters q-constent 
(P' -decreasing ) 

Comparison of stress-strain behaviour predicted 
by various models for A-stress path 

Cemparison of stress-strain behaviour predicted 
by variews models for C-s tress path 

Comparison of stress-strain behaviour predicted 
by various models for C^-stress path 

Comparison of stress-strain behaviour predicted 
hy medified Caan-Clay model for q-constant test 

Shear strain contours in stress ratio q/P' f P* 
plane 

Relationship between stress ratio n and strain 
increment ratio ( 6 5e ) for various stress 
paths 

Voliametric strain ctmtours in stress ratio q/P*# 
P • plane 

Relationship betwe®i stress ratio 
strain Increment ratio 

Voliametric ^id shear strain contours in q-P* 
space. 



ix 



®min 

e 

max 

G 

K 

o 

M 

P* 



q 


q^ 

u 

“l' “3 
% 


NOTATION 

-■ stress path 

- stress path^ modi el parameter 

- stress path 

- stress psth, model parameter 

- stress path 

- model parameter 

- model parameter 

- stress path 

- stress path 

- void ratio 

~ minimum void ratio 
“ maximum void ratio 

- specif ic gravity 

- cc^fficient of earth presmire at rest 
“ critical state frictional parameter 

- mean effective stress + 2 °'3)/3 

- me&a effective stress at failure 

- initial value cxf mean effective stress prior 
to shearing 

« devlatoric stress ( 0 ^ - op 

- devlatoric stress at failure 

- ix>re water pressure 

- nodel parameters 

- model paraneters 



X 



- 

axial strain 

e 


shear strain ■!(£, - c^) 

OX 3 



volumetric strain (e, +2 e_) 

n 

- 

stress ratio (q/P* ) 

K 

- 

slope of swelling line in e - InP' plot 

X 


slope of isotropic ccxnpression line in 

e - toP' plot 

a« 

V 


vertical effective stress 



effective major principal stress 

^3 


effective minor principal stress 

dP • , 5 p ‘ 

- 

change in P' 

aq, aq 

- 

change in q 

d e , Se 

v' V 

•• 

incranent in volumetric strain 

d eP, 5 

v' V 


increment in plastic volumetric strain 

p Q 

a e - 0 e 

V* V 


increnent in recoverable volumetric strain 

de ^ ae 


increment in shear strain 

a = 1 , 


increment in axial strain 

d n , an 


change in n 

dw, a w 

- 

dissipated eneirgy per unit volume 



SYNOPSIS 


Most of tie reseatchers have studied the defoirmation 
behaviour of isotropically cx>nsolidattid granular soils, 
hov?ever, in the field soils seldcxn experience isotropic 
stress history . Keeping this in view the deformation behavicxj 
of anisotropic ally consolidated mic^eous Ganga sand has been 
investigated to check the applicability of (a) Modified Can- 
Clay model (Burl^ 1965) and (b) Mathur (1975) and Jain*s 
(1979) model for pr^iiction of volumetric and shear strain. 
Drained stress controlled stress paths tests were performed 
loose sand sanples. Ihe experimental results indicate 
that the prediction by modified Cam-Clay model do not agree 
with the experimental results, Ihe semi- empirical model 
proposed by Matlwr (1975) aid Jain (1979), predicts the 
stress -strain behaviour of sand fairly accurately for a wide 
variety of stress paths, The stress-strain behavicwr of sand 
investigated generally confirms the findings of Tat^oka and 
Ishihara (1972) in respect of: (a) shear strain ccmtcmrs 
being independent of stress path in - P* space (b) strain 
increment ratio ) being stress path dependent and is 

unique only when the critical state ^proaches, Oda*s (1972) 
firxiings regarding the linear relationship between stress 
ratio ^ 1/62 strain increment ratio (>k€yQi£j)# is 
confirmed in this investigation, however, it is observed 
frtxn the experimental reswlts that this relation^iip is 
stress path dependent. 



CHAPTER 1 


INTRODUCTION 

In many aigineering problems it is necessary to 
know with accuracy both the strength and the ^formation 
behaviour of material in use. Satisfactory theories ^id 
consequent prediction of behaviour are dependant on making 

simplifying assumptions and approximations about the observed 
stress-strain bdhaviour. 

'Ihe simplest and nrast widely used assumpticm is 
that a particular material is perfectly elastic so that it 
has a linear stress-strain characteristic as shomi in 
Figure 1(a), ihis assumption is valid to a high degree of 
accuracy for maiy engineering materials under their condition 
of normal use so that the classical theory of elasUcity has 
not unnaturally dominated the subject and tended to discourage 
development of other cxfapllmentary theories. 

For the case of ductile materials such as mild steel 
cap^le of undergoing large plastic deformation beyraid the 
elastic limit, this elastic assumption has either to be 
supplemented by assuming elastic-plastic behaviour as shown 
in Figure ICb) or replaced by assuming rig id -pi as tic behaviour 
as typified In Figure Kc). 

In soil mechanics the observed stress strain 
behaviour of soil is generally c£ the form shown in Figure 
1(d). In curve (1) there is a distinct peak or failure 
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stress ^ich is typical of dense sand or overconsolidated 
clays whereas the curve (2) does not have a peak and is 
typical of loose S3ffd or warmally consolidated clay. 

Neither curve approximates at all closely tl:® ideal behaviour 
of Figure 1(a) to (c). 

Until recently {I960) nearly all soil raechsttiics 
investigations have ignored general stress-strain behavicnar 
and concentrated alntost exclusively on the peak or ultimate 
strength, Mmy designs which are essentially deformation 
problon have been treated from strength aspect by seme 
simple balance between shear stress and fa:;tored strength. 
While this method is generally successful, soil mechanics 
require a greater understatdir^ of stress-strain relation, 

The importance of strains in soil mechanics has been «npha- 
sized by Roscoe (1970). 

For want of better aoproximations the earlier 
theories of earth pressure developed from original work of 
Coulomb (1776), Rankine (1857) and many others require soil 
to be perfectly elastic solids diile recent work notably 
by Sokolovsky {I960) ard De Josselin de Jong (1^9) have 
made use of theory of perfectly plastic solids. However, 
neither approach to the problen is likely to be very 
accurate. 

Many researchers have tried to put forward varicsis 
mathematical, empirical and semiempirical models to de^ribe 
the stress-strain behavicxir of soil. The iitork due to 
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late Prof, Roscoe and others was principally a theory of 
deformation of clays and they have used the seine for sands 
as Tn^ll, The work of Rowe stress-dllatancy relation 

for static t^iuilibrium of an assembly of particles in contact' 
was mainly concerned with deformation of granular materials. 

In complex soil corKSitions ■vrfiere the determination 
of relevant deformation and strength parameters m^ involve 
several ina::curacies, the use of crude stress— strain relat- 
ionshipsi.e, incrementally Hooker Duncan Chang model and 
elastic-perf ectly plastic Mohr-Coulonib model is justified. 

On the other hand in regular soil strata created by sedi- 
mentation, a more accurate analysis is possible. It is for 
these soils that many mathematical, empirical and semi- 
empirical models have been developed both for clays and 


sands 
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CHAPTER 2 
LITERATURE REVIEW 


2«1 General 

In recent years many investigators have considered 
deformation behaviour of soil, the main line of research 
being the fonmilation of model for soils considering it as 
an elasto-plastic material with isotropic hardening. It 
seems that the developm^it of soil models considering iso- 
tropic hardening was started at Cambridge University. The 
Granta-Gravel and the Can-Clay models became wellknown 
thrcwgh the book by Schofield arKi Wroth (1968) and through 
the papers, Roscoe and Borland (1968), Calladine (1971) etc. 
In recent research papers and conferences several models can 
be found which are conceptually similar to the Cam-Clay 
model. They are referred to as Cambridge stress-strain 
models or Critical State models. In these models the plas- 
ticity concept is narrowed 1^ some additional assumptions. 

One of the assumpticms of Cani-Clay model is that 
the flow rule follows the normality ccwidition. Another 
assumption is that the position of yield surface in stress 
space is determined by the density of the soil i.e. volu- 
metric strain seirves as a hardening parameter. Furthermore, 
recoverable shear strain is zero. It has hem shown 1^ 
various researchers on the basis of experin^ntal evidence 
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that the first two assumptions do not aj^ly atleast for sands. 
In case of sands it has been well established by oda (1972), 
Matsuoka (1974) and Vermeer (1980) that stress dilatancy 
theory originally proposed by Rowe provides a satisfactory 
flow rule. Nevertheless, the Car,v-Cl^ concepts are still used 
by Atkinson ar^ Bransby (1978) and Nova and Wood (1979) 
although the latter suggest a non** associated flow rule, 

Scane other models for sand not based on Cam-Cl^ 
concepts have been developed, Itiey may be nantied as Mohr- 
Couloni) type nmdels since the succsessive yield surfaces ai^e 
determined by the mobilised angle of internal friction, 
Pooroshasb et al (1967), Cole (1967) studied the behaviour 
of sand on yielding. Vermeer (1980) proposed a double 
hardening model which is basically an elasto-plaetlc model 
for initial loading, unloading and reloading of sand incor- 
porating non-associated flov’ rule and Rowe's stress dilatancy 
equation. Furthermore, Vermeer (1980) has quoted the results 
of the experiments conducted Gudelms (1980) on isotro- 
pically consolidated samples of sae^s from which it is shown 
that elasto-plastic model yields good results for loading paths 
but such models are inadequate for unloading paths, Duncan 
Cheng (1970) developed a nodel which combine non linear 
shear stress formulation with a Hookean law for increment 
of stress and strain. It is obvious that the incrementally 
Hookean ^proach does not account for contraction and 
dilation (the dilatancy behaeviour) in deviatoric stress path. 



6 


Another important objection to the Duncan-Chang model 
concerns tht^ direction of the strain rate during loading. 
Accorc’ir.:: experiments strains rate are more or less in the 

direction of existing stresses as expressexS by the ideal- 
isaticai that is coaxial to as in plastic model arrf 

not to as implied ty the incr^entally Hookean appro^h. 

Lade (1977) developed an elasto-plastic irradel with a shear 
yield surf^e. However, the number of experimental consti- 
tutive constants required in this model are 14 thus making 
the use of this model for practical problems quite incon- 
venient, Besides this model as shown by Vermeer (1980) 
strictly applies for dradtued tests on isotropically conso- 
lidated samples only. 

Tatsuoka (1972) performed systematic studies on 
sands both for loose and dense state in triaxial apparatus. 

He showed that the relationsaip between stress ratio qy^‘ and 
strain increment vector is unique only when the 

p>eak approaches otherwise it is path depjenddnt. Further, 
he has established that the shear strain is unique for a 
combination of stress ratio q/P' and P' independent of 
stress p>ath. 

Most of the experiments reported by various 
researchers as mentioned above are on sarx3 samples having 
isotropic stress history (isotropically consolidated samples). 
But the natural deposits seldom exp)erieni!e the isotropic 
stress history. Furthermore, the importance of anisotropic 
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consolidation prior to shear testing has been well brought 
out by Carapane 11a and vaid (1972)^ Berre and Bjerrun (1973), 
Yudhbir ot al (1975 ) and Mathur and Yudhblr (1978). 


2.2 


DefoCTation Behaviour Based on the H'.eory of 

Elasticity end Plasticity ^ 


2.2,1 HK^ry of Elasticity Methods 

In the past it was generally assumed that soil is 
homogeneous isotropic and linearly elastic and theory of 
linear elasticity was employed for analysis of soil behaviour. 
Iheory of elasticity assumes complete decoupling of volume 
changes and changes in shear stress, Ihe volumetric strains 
are caused only by sj^erical stress and shear strains are 
caused only by deviatoric stress, Bas©3 on the theory of 
plasticity Duncan and Chang (1970) using Kc«dner*s (1963) 
findings that the plot of stress arxl strain in triaxial 
compression test is very nearly a hyperbola, developed a 
non linear elastic stress and strain relationship and imple- 
mented the sane in finite element analysis of embankments 

and excavations. However, it has been observed experimentally 
that: 

(1) Most soil deform inelastically mlinost inmediately 
on ^plication of stress. 

C 2 ) ihere is coupling between volume changes and changes 
in shear stress. 

(3) The straining of soil element approaching failure is 
clearly anisotropic. 



For these reasons models based on the theory of 
elasticity and extension thereof cannot be expected to 
account properly tor soil behaviour specially dilfttancy. 
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2.2,2 itieory of Plasticity Methods 

It is wellknown that this theory is based on the 
mathematical theory of plasticity taking the special charac- 
teristics of soil into account. Ihis theory is due to late 
Prof, Roscoe and others of Cambridge group and has been 
developed for clay. However, Roscoe arrf others suggested 
that this theory would be equally applicable to sand if some 
modifications are added. The basic tenets of this theory are 

(a) Yield function: When the state of stress of material 

is represented ty a point in the stress space, the 
border of elastic and plastic regions is represented 
by a surface in this space called yield surface and 
equation of this surface is designated as yield 
function. As long as the stress point remains in the 
inner side of this surface enclosed by the region, 

the material is elastic, 

(b) Hardening rule: Almost all kinds of material show 

hardening property whai deforuwd. For representing 
the hardening law scxne parameter v^ich varies during 
loading prccess, is inserted in the yield function 
thereby changing the locatlcwi of yield mirface as the 
stress point moves along the stress path. 
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(o) Flow rule: relationship between the increment of 

p Stic strain canponents and the stress components is 
represented Ly the flow rule, if the ratio of each 
plastic strain conponent depends only on the stress 
comix5nent and not on the increment of stress component, 
that is the increment of plastic strain is independent 
of stress path then the yield function is said to be 
the plastic potential. 

A brief review of various models based on this approach, 

is giv€3n below, 

2, 2 ^2,1 Cc3iii-*Clay Model 

In this model the dissipated energy «w per unit 
volume of material when undergoing deformation ( 5 e ) at 

any state (P*, q, e) corresponding to a point on the state 
boundary surface is MP* 

that is P> g = fiw 

and 6 w = MP* 5 

Another assumption is that the plastic strain increment 
vector is normal to the yield surface at the stress point 
under consideration, Ihis model also assumes that recover- 
able shear strain is zero, ihe recoverable volumetric strain 
is associated with changes in P* through the Idealised 
swelling formula 
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V i + e P' 

where k is the slope of swelling line in e vs. In P' plot. 

Making use of above condition and flow rule the 
strain increment ratio is 



3 e 


Incremental volumetric strain 


6 e 


1 + e 


r x-i 

i L M 


+ 


1 5 P' 


] 


2.1 


and incremental shear strain 


5 e s 


1 + e 


P« gn + M (5 P» "1 
MP’ ( M - n ) J 


2.2 


Ihe prediction of volumetric and shear strain vrere 
checkal by various researchers and found that Cesn-Clay model 
overpredicted Strain increment at smaller values of n even- 
though excellent agreement was found for changes In n ^t 
larger values of n , 


2. 2, 2, 2 Modified Caui-Clay Model 

Burland (1965 ) modified the expressiem for vork 
dissipation per unit volume by taking into consideration 
that evOT under isotropic stress condition there is dissi- 
pation of work and therefore 
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6w = P* A 5c + (M 6 

Combining this equation with Sw = P* 5 + q 6 

V 

the strain incranent ratio is 



All other assumption of Cam-Cla/ were retained. Using the 
modified energy equation as proposed toy Burland (1965) the 
incremental volumetric and shear strain are given as 


1 

1 + e 


- K ) 2n 3n 
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M + -n 


X5P» 

P' 


2 ' 3 

• «R • 4. * 


5€ 



Mathur (1975) showed that for K -consolidated satiples this 
model could not predict strains accurately for A and B 
stress-paths (Figure 3) and further demonstrated that this 


riKDdel overpredicts shear strains. 


2,2. 2, 3 Roscoe and Burland (1968) Model 

Roscoe and Burl^id (1968) showed experimentally 
that elastic limit line lying on the state boundary surface 
is good approximation for volumetric strains while ccxisi- 
derable plastic shear strain does take place for state 
paths beneath the state boundary surface. Accordingly the 
modified equation for incremental shear strain is 
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X—K 

1 + e 


2n 


.M' 


2ti 3 n 
.“5-— S 

M + n"* 


6P' 


} + 5 { iP) 


The last term was obtaincx3 experimentally. For 
isotropically consolidated samples this modification gave good 
prediction in the beginning thereafter modified Cam-Clay 
showed better prediction. But it has been shown by Newland 
(1973) that this model gives larger predicticai of shear 
strains in comparison to Burland's (1965) model for q- 
constant and undrained test on an iso tropic ally consolidated 
samples . 

In the atx)ve models the basic parameters x , k and 
M have been assumed tx» be soil COTistants. Newland (1973), 
Yudhbir, Mathur and Kug^athan (1978) have shown that 
parameters D = (1 - -l)/^ X are not really soil 

constants and D value differs for drained arK3 undrained 
condition and X depends on n . 

It is obvious that theory of plasticity can handle 
the soil behaviour more realistically as compared to the 
theory of elasticity. However, all these models use 
associated flow rule though experimentally it is found to 
be not true, various researcters have shown that plastic 
strain increment vectors are dependent on stress pathe. 

Lade and Duncsn (1975) suggested use of non- associated 
flow rule for cohesionless soils. 



2.2,3 Semi Empirical Models 

Roscoe and Pooroshasb (1963), Wroth (1968) and 
Newland (1973) developed semi empirical models to overccsne 
the deficiencies of mathematical models mentioned above and 
tried to obtain the best possible fit to the observed stress- 
strain behaviour of soil. It has been shown by Yudhbir et 
al (1975) and Yudhbir and Mathur (1978) that none of these 
models predicted anisotropically consolidated behaviour close 
to the actual behaviour. Wroth's (1968) model appears to 
be more general in that it is able to handle loading and 
unloading stress pattstut only for isotropically consolidated 
samples. 

2. 2. 3,1 Mattair (1975) and Jain (1979) Model 

Observing the fact that soils in general exhibit 
the coupled behaviour, Mathur (1975) developed a semi 
empirical approach to predict the stress-strain behaviour 
for K^-consolidated soil samples. He proposed that a stress 
path can be simulated anall probes in the direction of 
P* -constant (pure shear) and q-constant (consolidatitxi) 
stress paths starting from K -line, 

'O 

Ihe changes in the volumetric and shear stresses 
as a result of the application of probe {6P', 6q) under 

drained condition, may be expressed as 



Here 6 and are incremental volumetric and shear 

strains respectively duo to probe (5P*, fiq). The parameters 

^ j 3 e 

3 p'i are to be determined frcMti q-constant test 

^^ile parameters and are to be determined from 

P* -constant test. Here it is assumed that the total effect 
of any loading increment comprises of the separate effects 
of the corresponding increase in P* arrf q. Mathur (1975) 
showed that this model predicts drained behaviour of aniso- 
tiopically consolidated samples along all the stress paths 
quite satisfactorily. However, Matiair checked this model 
for analler probes only. Jain (1979) extended this model 
for predicting the behaviour of lightly overconsolidated 
clays and streamlined the method of determination of para- 
metersand used the model for prediction of stress-strain 
behaviour of -consolidated clays for wide variety of stress 
paths and fourd close similarity between predicted ;»id aetual 
behaviour. 

2.3 scope of Investigation 

From the preceding review of the literature It 
bectxnes clear that most of the constitutive iMdels for 
prediction of stress strain behavixftir erf sand are either 
based on Cara Clay with certain raodificatlon or serai eif 5 >irical 
models which assume isotropic conTOlidatlon of soil. In 
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field condition t±ie soil is an isotropic ally consolidated and 
it has been shown Yudhbir and Mathair (1978) that both the 
critical state models and seme other semi -empirical nwdels 
do not satisfactorily predict the stress-strain behaviour of 
an isotropic ally consolidated clay sanples. In most of the 
cases the shear strain is very much overpredicted, Mathur 
(1975) araS Jain (1979) model predicts an iso tropically conso- 
lidated stress-strain behaviour of normally and lightly 
overconsolidated clay samples for a wide variety of stress 
paths reasonably well. In case of sands hardly any data is 
available in literature on the stress— strain behavicur of 
anisotropically consolidated samples. The currently proposed 
predictive models may be listed under the following categories 

(i) those based on critical state ODneept (Granta Gravel ) 

(ii) those based on Rowe's stress-dilatancy theory 

(iii) those incorporating the experimental behaviour of 
s arris in addition to the flow rules as used in any 
one of the above two models . 

Nevertheless all these models are based on isotropic strtiss 
history mly. With this in view the following aspects are 
studied : 

(1) Stress-strain behaviour of anisotropically consolidated 
loose sand along a variety of stress-paths under 
drained condition, 

(2) Comparison of the experimental ^ri predicted stress- 
strain b^aviour of anisotropically consolidated 
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loose sand by modified Cam-clay model. 

(3) The applicability of semi empirical model proposed by 
Mathur (1975) and Jain (1979) to predict the stress- 

strain behaviour of an iso tropic ally consolidated loose 
sand. 
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C31APTER 3 

DETAILS OF EXPERIMENTAL SET UP A!® TESTING PROGRAMME 

3.1 General 

For investigating field behaviour of soil it is 
essential to carry out in-si tu testing of soil or to obtain 
urrfisturbed samples frcan the field arxl test them in the 
laboratory or to prepare remoulded sauples of the represen- 
tative material obtained from the field and test them in the 
lahoratory. The material under Investigation in this case 
being Ganga sand which is cohesionless material, it was not 
possible to obtain undisturbed samples. Hence remoulded sawi 
samples were test^ to (a) obtain strength-defojomation 
characteristics and (b) check the applicability of stress- 
strain model proposed and developed by Mathur (1975) and 
Jain (1979) for normally and lightly overconsolidated clays. 

3.2 Material Used 

Ganga sand which is mostly found in Indo-Gangetic 
plain, was used for testing, Ihe grain size distribution 
of sand is given in Figure 2 which indicates that it is 
uniformally graded and a3oout 65% of material is fine sand 
and silt with sprinkling of mica, Ihe uniformity coefffi- 
cient 1,43. The physical properties of sand 

are given in Table 1 . 
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3.3 Equipment for lasting 

3.3.1 Tri axial Cell 

standard Norwegian type trlaxlal cells fitted with 
frlctionlcss piston assembly with rotating type hcshings were 
used, ihe cells have 38.1 mn diameter base with two outlets 
to measure volume changes and pore water pressure. 

3.3.2 Volume Gauge 

In order to measure small changes in the volume of 
specimen, U-shaped volume gauge made frem uniform thin bore 
thickwalled glass tube were used. The least count of volume 
gauge wasaooe4 cc. Entrapped air buWale was used as an 
xndicator in the volume gauge, ihe gauge was mounted on 
wooden board aid kepjt horizontal while in use. 

3.3.3 self Compensating Mercury Control System 

This syston was used to apply and maintain cell and 
back pressures to specimen during the test. The presairc 
of water in the triaxial cell, results fresn the difference 
in the level between the mercury surf aces in two small 
cylxnders conncicted by a thin flexible pressure tube as 
described 1^ Bishop md Henkel <1962). 

3,4 Preparation c£ Specimen 

,, ' l,t to iHiV'OS tiofsto- tli^ 

def oBiation propsrties of loose Gofior^tlly repjDodocible 
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remoulded clay sample are obtained by resedimenting the clay 
slurry , tut it was found that it was not possible to use 
this technique for obtaining reproducible remoulded sand 
specimai. In order to obtain reproducible sand samples the 
following method which was fourd to be satisfactory, was 
adopted . 

Based on the fhysical properties of sand ard a few 
trial samples it was decided to use 128 of dry sand for 
preparation of 38.1 mm dianeter and 76.2 mm high samples 
which would give dry doaisity of 1*475 gnus/cc and void ratio 
of 0,8223. 28 cc of water was used for preparation of specimen 

which gives about 72% of degree of saturation. It was not 
possible to use more water as it oozed out of the specimen 
during conpaction. In order to obtain uniform density and 
conpaction, the sard mixed with water, was poured in the 
former in five equal parts, each layer being lightly 
compacted with 6 mm diameter rod ard 25 blows with abcut 4 
to 6 ems free fall. Before putting in the next layer of 
sard, the previous layer was scrapped thoroughly in order to 
avoid layering ^d to obtain a uniform specimen, A fciw of 
the samples thus prepared, were tested to check the uni- 
formity of n»isture content along the length of the sample 
ard it was observed that the variation in moisture content 
of sard taken from three different places (tep,iniddle and 
bottom of san^sle) was less than 5%, The detailed procedure 
for preparation aid setting of specimen on txiaxial base 
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is shown in Plates 1 and 2. it can be seen frcro Plate 1 
that split former in two halves with arrangement to create 
small suction was asc3d for preparing the specimen, 

3,5 Setting up of Specimen 

Before setting up the specimen all the pressure 
lines connected to the triaxial cell were flushed with deaired 
water to expel the entrapped air. A thin rubber tube piece 
was stretched around the pedestal to provide housing for 
porous stone and to avoid puncturing of the thin membrane 
covering the specimen and also to have tight seal 'O' ring 
against the leakage through the sides of the p)edestal. Boiled 
pxDrous stone with a filter paper was placed over the pedestal. 
The spjecimen was formed on the triaxial base with the help 
of split former as described above {Refer Plate 1). During 
the preparation of specimen a small suction pressure was 
applied in order to keep the membrane stretched along the 
sides of the former, Ihe required quantity of sand mixed 
with water which was arrived at on the basis of the trial 
samples, was p»urod and the procedure as outlined above, was 
meticulously followed so as to get reproducible uniform 
samples, Ihe perspex cylindrical loading cap with a filter 
pap>er was kept at the top of the sp)ecim«i, ihe split former 
was then slowly removed , Additional rubber m^nbrane wes 
stretched arour«3 the spjecitnen to avoid t±« possibility of 
leakage due to puncturing of the first manbrane while 
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mounting the sample, iwo *0' rings were used at each end o£ 

the specimen in order to seal the membraie with er^S platens* 

Triaxial cell was then assembled and filled with water. The 

top few centimeters of cell were filled with transformer oil 

to reduce the leakage and provide lubrication betfemen the 

piston and the bush. The complete assennbly with the sample 

mounted is shown in Plate 3. 

Since the degree of saturation of the specimen at 

the time of placing was about 72% it was fourK3 necessary to 

circulate water through the specinten to increase the degree 

of saturation. For this purpose a amall cell pressure of 
2 

0.2 Kg/cra (3 psi) was appli^ and water was circulated 
through the specimen at 0.10 Kg/cm^ (1.5 psi). A small 
aperture was made in the loading cap and water along with 
dissolved air came out of the cell through the aperture in 
the loading cap. The detai. jd arrangement is shown in the 
Plate 4 , Once the air bubble stopped coming out of the 
specimen as observed from the outlet tube circulation of 
water was stopped and it was plugged, 

3,6 Back Pressure saturation 

lb ensure complete saturation and to overcoam 
difficulties in measuring negative pore pressure the back 
pressure saturation method was employed, A small air bubble 

m . 

was entr^ped in the volwtae gauge and the cell andl back 
pressures were built up in stages at slow rate to avoid the \ 
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development of pore water pressure- and consequent liquif action 
of the specimen. Furthermore, the cell pressure was always 
keot slicthtlv more- than t^c applied back pressure. Bi«k 
pressure of 1 Kg/cm was applied through the U-tub^.; volume 
gauge in all the experiment. Itte cell pressure was maintained 
at 1,14 Kg/cm during saturation so that there was a snail 
effective alrourd pressure. The specimen was left for 
saturation for one day. Tie back pressure and cell pressure 
were maintained at censtant level with the help of self 
compensating mercury control system (Bishop and Henkel type). 
From the observations made on the movement of entrapped air 
bubble in the U-tube volume gauge it was found that one day 
was sufficient to con^letely saturate the sample. 

3 .7 Consolidation 

A few samples were Isotropically consolidated to 
establish void ratio awS mean effective stress relationship 
(e vs, InP* ) in order to calculate ^ and k which are 
required for prediction of stress-strain behaviour by modi- 
fied Cam-Clay model. In addition, K^-consolidation was also 
carritx3 out in oodemeter apparatus to check the variation 
of X with pressure. 

3.8 Tinisotropic Consolidaticwi 

Tie specimen were anisotropic ally consolidated alcng 
the stress ratio q/P* ( n ) ® 0.5 , Keeping in view the limit- 
ations of the equipment used like pressure gauge and self 
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Compensating mercury control system and the state of specimen 
xt was decided to anisotropically consolidate all the specimai 
upto mean effective pressure of 2,5 Kg/crn^ , 

Anisotropic consolidation along n * o.5 was achieved 
by applying vertical stress to the specimen in addition to 
cell pressure during the consolidation. Cell pressure and 
vertical stress were applied in small increments to avoid 
significant pore pressure gradient. The time required for 
anisotropic consolidation was about 4 to 5 hours. Ihe 
following equation was used to calculate the dead load 
increments for corresponding cell pressure to produce 
anisotropic consolidation along n = 0.5 line, Ihe same 
equation was used in shear process by using different 
value at every stage of incrementing the load . 

(oi - cj^)a = w + 03 

( a| - o • ) 

sutetituting wc get 

' 3ii 

K = 3-rT ^(“3 - - <’Si "r ■ "s’ 

\diere a = average area of the specimen 
= area of piston 

= weight of loading fran «2 including hanger 
= weight of piston 
W = dead load to be adkied 
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^3 = cell pressure applied 
u = back pressure applied to specimen 
a| = effective al round pressure = “ « 

= effective major principal stress = o' + o 

■<«3 "V 

3.9 Details of Drained Tests and Various Stress Paths Used 

Itie draincxi stress controlla3 tests have been 
conducted on anisotropically normally consolidated samples 

along P* = ^ = Constant with q = a| - increasing 

as \«^11 as decreasing, q = Constant with P' increasing and 
decreasing. One test was conducted on isotropically conso- 
lidated sanple with P* = Constant and q increasing. Further 
additional tests along stress paths A, C and Cj^ as shown in 
Figure 3 were conducted on anisotropically consolidated sand 
samples, Ihe tests along A, C and P* * Constant were 
conducted upto failure in order to establish failure envelope 
for the material used. The load increments ydecraiients were 

ajpilied every one hour. Ihis was decided on the basis of 

—1 2 

value %diich was 3.24 x 10 cm /sec. Axial strains were 
measured from the dial gauge mounted on the loading frame 
hanger. The least count for dial gajge was 0,01 ram. 
volume changes were measured f roro U-tube volume gauge whose 
least count was 0.0084 cc. 
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CHAPTCR 4 

PRESENTATION OF EXPERIMENm. DATA 

4.1 GeneraQ. 

In this chapter stress— strain behaviour of anisotro- 

pically consolidated specimen tested along various stress 

paths have been presented, m addition the test results 

obtained from isotropic consolidation and K -consolidation 

o 

in oedometer have also be^ presented . 

4.2 Relationship Between Void Ratio and Mean Effective 
Pressure 

Ihe results for isotropic and anisotropic c<»isoli- 
dation tests have been plotted in void ratio and mean effective 
pressure {e vs, InP' ) space. The average isotropic and 
anisotropic line for n s= 0,5 are showi in Fi^re 4, Itie 
values of X (compression index) and k (swelling index) 
obtained f rom isotropic consolidation and swelling test are 
given in Figure 5. itie -consolidation test carried out in 
oedaneter apparatus, has been plotted in Fi^re 6 whic±i 
shows that the value of X is not unique but increases with 
increase in vertical stress. However, the value of k does 
not depeixi upcxi the vertical stress as observed from the 
different unloading line. Wie variaticm of X with 
pressure (vertical stress) has been plotted in Figure 7, 

The values of X as obtained from isotropic consolidation 
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test for different vertical presaire have also been plotted 
in Figure 7. 

4,3 Resultsof Drained Tests 

4.3.1 P’ -constant (q-increasing ) Tost 

P* -constant tests were perfonn«3 on specimen which 

v^re anisotropically consolidated along n = 0,5 line. The 

test results have been plotted in shear stress- volume trie 

strain and shear stress-shear strain space as shown in Figure 

8. One of the P‘ -constant test was conducted upto failure 

to obtain the value of , The hyperbolic stress-strain 

relationship' as suggested by Kondner (1963), has been 

plotted in Figure 9. The value of has bean 

obtained from inverse of b where b is slope of line in 

hyperbolic stress-strain plot. 

To study the effect of stress history# one P'~ 

constant test was conducted starting fma isotropic ccarjsoli- 

2 

dation line for P' = 2,5 Kg/cm , The stress strain plot is 
given in Figure 10, in both the tests it is observed that 
volume decre^e (positive volumetric strain) is acccanpanied 
by positive shear strain, 

4.3.2 P* -constant (q-decreasing) Test 

The initial starting point for this test was the 
same as that for P*-const®it (q-increasing) test. The test 
was conducted upto the isotrc^ic line. During the test it 
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was observed that volume change f rtan n = 0,5 to isotropic 
line ( n = O) was almost negligible (0,0064 cc which is equal 
to the- least count of volume gauge). The stress-strain 
characteristics (shear stress vs, shear strain) arc plotted 
in Figure 11, in this test the shear strain is negative. 

4.3.3 q-constait (P'-increasing ) Test 

q-constant tests were performed on anisotropic ally 
consolidated samples ( n = 0.5 ) starting with P' = 2.5 Kg/cm^. 
Ihe stress-strain response of samples are presented in 
Figure 12. Ibis is a consolidation test with constant shear 
stress. During this test large volume change (volume 
decrease) takes place and is accempanied positive shear 
strain, 

4.3.4 q-constant (P* -decreasing ) Test 

'Ihe initial starting point for this test was the 
sane as for q-constant loading test. The stress-strain 
behaviour is presented in Figujce 13. In this test voluroe 
increase (negative volumetric strain) is accxsmpanied by 
positive shear strain. 

q-constant loading as n^ll as unloading tests 

2 

starting from P* = 2.5 Kg/cro have also been plotted in 
void ratio vs, InP' space as shown in Figure 4, 
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4.3.5 Stress Path A 

It is conventional drained test in which the lateral 
stress is kept constant ana axial stress is increased , The 
stress-strain response of the sample along this stress path 
is shown in Figure 14. Here positive volumetric strain is 
accompaniaa by positive shear strain. The test was conducted 
upto failure to establish the failure envelope. Ihc results 
of this test have been used for the comparison of strains 
predicted ky various models. 

4.3.6 Stress Path C 

Ihis test lies in the second quadrant as shown in 
Figure 3. In this case the lateral pressure is decreased 
and axial stress is increased. The stress-strain behaviour 
of specimen along this stress path is shewn in Figure 15 
which indicates that negative volumetric strain are accom- 
panied by positive shear strain. 'Ihis test was conducted 
upto failure to obtain the failure envelope. This test has 
also been used to study the predictability of strains by 
various models, 

4.3.7 Stress Path 

Ihis test lies in fourth quadrant as marked in 
Figure 3 aid in this case the lateral stress increase is 
accompanied by decrease in axial stress. With the testing 
equipment avail^le in the laboratory it was not possible 
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to conduct the test below the isotropic line (i.e, extensicxi 
test) as such this test was conducted starting from n = 0.5 
and terminating close to isotropic line. The stress— strain 
characteristics of sand specimen tested along path are 
presented in Figure 16 which indicates that positive volumetric 
strain is acccanpanied by positive shear strain initially, aw3 
then increnent in shear strain beccxne negative. Ihis test 
has also been used to compare the experimental and predicted 
stress-strain behaviour using various models. 

4.4 Failure Envelope 

On the basis of results of drain«a tests along P‘- 
constant, A-path arxi C-path, the values of shear stress and 
mean effective stress at failure for the respective tests are 
plotted in P*-q space and failure envelope drawn as shown in 
Figure 17, It is observed that failure envelope for smd is 
a straight line having the slope (M) equal to 1.3. Itiis 
value of M is used for all subsequent calculations. 

4.5 Critical State Line 

The void ratio at failure for A, C ar^l P‘ -constant 
stress paths have been plotted in e vs. InP' space 
critical state line has been established as shown in 
Figure 4 . 



CHAPTER 5 


PREDICTED AI© OBSERVED STRESS 
STRAIN BEHAVIOUR AND DISCUSSIONS 


5,1 General 

In general the deformation response of soil is 
controlled by the mean stress and shear stress Induced 
external loading. The theory of elasticity considers tt^ 
ccxnplete decoupling i.e. volumetric response depends cmly 
on the mean stress and shear deformation is controlled ty 
shear stress. Many of the models suggested, are following 
this conception in the pre-yielding region. However, the 
experimental results reported by researchers indicate the 
coupled behaviour as emphasized Scot ard Ko (1969). The 
semi empirical model proposed by Mathur consideirs this 
coupled behaviour i.e. deformation response whether it is 
volumetric or shear, depends on both mean stress and shear 
stress, Mathur suggested that the stress strain behaviour 
of soil along any stress path may be predicted from the 
results from two series of tests; 

(1) Pure shear (P*-const»it tests, and 

(2) Consolidation (q-constant) tests. 

The asaimption, that the effect of aiy loading inc- 
ronent is made up of the separate effects of the corres- 
ponding increase of P* and q, . is as follows 
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^ “ 3 ^ / ~Yp « " -g - q— asce model paraneters to be 

determined for P* -constant arri q-constant tests. 'Ihe ntethod 

of determining parameters is given below. 

5,2 Determination of Model Parameters 

5.2.1 Matiaar (1975) arxl Jain (1979) Model 

5. 2. 1.1 ?• -constant (q-increasing ) Test 


•liie experimental data for this test are plotted 
'^f a 

in ln( ) vs. £ arrf (^) vs, e„ as shown in Figures 

q^ - q v 

18 and 19, ihese plots are similar to tl»se suggested by 


Wroth (1968). The slope of straight line relationships 
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where 1/D^ is slope of straight line in (J-) vs. c plot. 

Here is defined as the value of q at failure for a 

constant ?' tost. In this case *= 0,0033 and * O.OC®, 


5.2, 1.2 P* “Constant (q-decreasing ) Test 


Ihe results of P* -constant (q-dccreasing ) tests 

2q. 

are plotted in the form of ln(;- — rrr) vs. e as sho%ni in 

Hf 4* H 

Figure 20, During this test it was observed that the walume 


change for the stress level under investigation in this 

study, was of the order of least count (0.0064 cc) of voluiwe 

measurement device arsd hence no arcliance was given to the 

data and it is assumed that volume change parameter — ^ 

due to ?* -constant (q-decreasing) test is almost equal to 

zero and hence neglected. The relationship between 

2q. 

ln(~ — and shear strain e is a straight line with slope 
+ q 

1/C, Ihe parameters are obtained from 


3g _ C 

aq " qf + q 

^ ^ V B 

= TT * with B s= O for sand 

% investigated. 


As observed f ran the Figure 20 the slopes of the plot 

2q. 

Ixit — ~ - -- ) vs, e is changing progressively as the test 

q£ + q 

proceeds towards extension. Ihis has been discussed in 
detail in later part of this cheater. 
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5, 2. 1,3 “Constant. (P' —increasing) Test 

The results plotted in volumetric strain e,, 

vs. InF* and shear strain e vs. lnP‘ as shov.ni in Figure 21. 
The plots are straight line with slopes equal to and 
for volumetric and shear strains respectively, Ttie para- 
meters are obtained frexn 



5. 2, 1,4 q-constant (P* -decreasing) Test 


In this test volumetric strains are plotted 
against InP* and shear strains e against ln(P* - P^) as 
shown in Figures 22 and 23 respectively. Hie slopes of 
straight lines are and 0^ volumetric and stear 
strains respectively, Ihe parameters are obtained from the 


relationship 


and 



where P| is the value of P* at failure in q-constant (P*- 
decreasing) test and 0^ = 0,00? and 0^ » - 0,00062. 
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ThG voluim^tric and shear strain increment parameters as 
. obtained from four basic tests are given in Table 3, Ibe 
parameters are obtained from the average of two tests for 
each basic test path (P* -constant loading and unloading, and 
q-constant loading and unloading). 

5.2.2 Modified Cam-Cla^r Model (Burland, 1965) 

Besides Mathur's (1975) model, modified Cam-Clay 
(Burland, 1965) has also been used to predict the stress*- 
strain behaviour of sand. The basic equation for computing 
incremental volumetric and sh^ar strains are 2.3 arrf 2,4 as 
given in Chapter 2. Itie paraaiKiters required for prediction 
by this model are X , k and M, x and k are computed frm 
e vs, lnP‘ plotted in Figure 5 for isotropic consolidation 
aaid swelling test. The value of X is not constant and 
increases with increase in pressure while k was constant 
as observed from Figure 6, The variation of x with vertical 
pressure has been shown in Figure 7, It may be due to the 
fact that the mica present in the sample might be getting 
crushed at higher pressure. Furthermore, it was observed that 
the value of X showed scame varieticHa even for the same 
pressure in isotropic consolidation test. This may be 
attributed to variation of mica content in different 
samples. The average isotropic consolidation line and 
average anisotropic c«isolidation line for n » 0,5 are 
shown in Figure 4. The average value of X * 0,017 
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corresponding tuD P* =2.5 Kg/cm^ and k = 0,CX368 are uscxJ 
for prediction by modified Cam-Clay nwdel. The value of 
M = 1,3 has been obtained from the failure envelope and used 
for prediction by this model. 

5.3 Predicted and observed Stress-Strain Behaviour Along 
Various Stress Paths 


Volumetric and shear strains are calculated using 
Mathur (1975) arxi Jain (1979) model and modified Cam-Clay 
model. For calculation of strains a stress path is broken 
into a number of snail probes of fiP' and «q. 

For using Mathur and Jain model the parameters 
obtained from appropriate P* -constant and q-constant tests 
are used to calculate voliametric and shear strains due to 
probe along the selected stress path, Itie following equations 
are used in the computations of volumetric and shear strain 
in the respective quadrants as indicated in Figure 3, 
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In the above equations ?' and q are current values 
and q^ is the failure value of q corresponding to the 
current value of PV, The summation of strain increments 
caused by each stress probe gives the total strain. 

For modified Cam-Clay model equations 2,3 and 2.4 
are used for calculating incranental volwietric and shear 
strain. In these equations n , P* and e are the current 
values. Appropriate sign is used while taking the values 
of 1 and 6 ? * . 


5,4 Gcwiparison of Experimental and Predicted Results 
5.4.1 Stress Path A 

Experimental and predicted stress strain behaviour 
is shown in Figure 24. As observed from the plot the 
volumetric and shear strain are predicted fairly accurately 
by Mathur aixa Jain's model. (Ihe observed variation, parti- 
cularly in case of volumetric strain, may not be that 
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significant considering the fact that A-test path data is 
for one test only), it can also be seen frcsn the Fijpre 24 
tiiat modified Cam-Clay predicts well ti^ voliimetric strain 
while it underpredicts the shear strain considerably, This 
may be attributed due to the fact that there is no unigue 
flow rule for sands as irriicated in Figure 29. 

5.4.2 Stress Path C 

Experimental and predicted stress-strain behaviour 
are shown in Figure 25. Once again Matter and Jain’s model 
predicts volumetric and shear strain reasonably wll and 
scatter is well within the experimental limitations as 
explained in preceding paragraphs. Modified Cam-Clay model 
predicts volumetric strain close to experimental values at 
lower stress ratio and underpr«3icts at higher stress 
ratio. The shear strain is ^ain very much underpredicted, 

5.4.3 Stress Path C^ 

This path lies in fourth quadrant and parameters 
for prediction of strains are determined from P* -constant 
(q-decreasing ) airf q-constant (P* -increasing) basic tests. 
As pointed out earlier under 'determination of parameters' 
that during P» -constant (q-decreasing) test t±«re was 
negligible volume change hence the volmetrlc strain 
parameter B was assumed to be seiro. Besides the shear 
strain parameter- C was determined on the basis of test 
tak^i upto 4-sotropic line. Prom ti^ trend of plot 
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^ ^ 2q^ 

vs, e it appears that the value of C might heve 
been higher, had the test been taken below the isotropic line 
i.e, extension test. Since the extension test cculd not be 
carried out in tiie laboratory, it is not fair to rely heavily 
on the value of C thus calculated. However, an attempt has 
been made tx> predict Cj^-path taking the shear strain 
parameter for ?* -constant (q-K3ecreasing) test as CD equal 
to shear strain parameter *^ 3 * fob ^'-constant (q-lncreasing) 
test and ( 2 ) 8 C% of D^, Ihe predicted and experimental 
volumetric and shear strains vs. n plots are shown in 
Figure 26. The volumetric strain is predicted reasonably 
well whereas experimental values of shear strain are closer 
to predictions made with C equal to 80?4 of D- at , stress 

*3 jt * " 

ratio n # ^diile at (>-jvaeT values of n experimental values 
are closer to prediction made with C equal to D^. Further 
tests are to be done to verify these findings and then 
decide upon the value of C to be adopted for the model, 
however, it is tentatively suggested that C may be taken 
equal to with B = O, For this path, tte predictions of 
voltimotric and shear strain have also been made with 
modified Cam-Clay model a^ shown in Figure 26. Ihe 
volumetric strain is underpredicted throughewt the stress 
path v^iereas the shear strains are overpredicted at lower 
values of b i.e. near the isotropic line. 

Besides the stress-strain behaviour of P* constat 
(both anisotropic and isotropic) and qconstant stress paths 
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havv3 been predicted by mcdified Cam-Clay model and shown in 
Figures 8, 10 ard 27, It can be seen from these figures 
that it underpredicts volumetric and shear strains for both 
P‘ -constant and q-ccnstait tests, 

5,5 Observed Deformation Behaviour of Sand 

Tatsuoka (1972) studied the deformation behaviour of 
sand under triaxial condition, Ihe tests were conducted on 
isotropically consolidated sand samples. On qA', P* plane 
he plotted the points of equal shear strain for different 
stress paths and found that equal shear strain points for 
different stress patlis lie on one curve, in other viords shear 
strain is unique for a combination of values of q ard P* 
indeperdent of stress path (see Figure 28 inset). He 
called these lines as 'equi f lines'. In the present study 
which has been done on an iso tropically consolidated sssnples, 
the points of equal shear strain obtained from different 
stress paths, have been plotted in q/P', P' pl^e as 
suggested by Tatsuoka and shown in Figurts 23, It is evident 
from this figure that equi lines obtained by testing 
aniso tropically consolidated samples are very much similar 
to those obtained hf latsuoka, Ihe shear strains plotted 
in Figure 28 are increnents with reference to initial 
anisotropic consolidated state. However, it is ft^nd that 
the shear strains measured for isotropic consolidation and 
anisotropic consolidation to reach the pre-shear state 

2 ' ' 'h'' 

coirx^sjx>n<3xn9 tx) =: 0»5 ss' 2*5 Kg/cw srfs not thti 
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sane. (The shear strain for amisotropically consolidated 
sample corresponding to n * o.5 and P‘ = 2.5 Kg/cm^ is 
0.59% while for isotropically consolidated sample it is 
0,21% (see Figure 28)). This clearly shows that the shear 
strain for a combination of q/P* and ?' depends on the 
stress history of the sample before shearing ^id this 
relationship is unique only for the increment of shear 
strain v;ith reference to pre-shear state. Besides this 
relationship is not unique and these lines are to be 
established for every granular soil. 

Tatsuoka (1972) showed that the relationship betwen 
q/P* and is dependent on stress path and this 

relationship is unique only when the state of sample reaches 
peak (see inset in Figure 29). Ihc relationship betv^en 
q/P‘ and Se^Se has been plotted for different stress 
paths in Figure 29 which shows close similarity with the 
findings of Tatsuoka. Ihis may explaili • the inapplicabi- 
lity of flow rule 5 e^/ 3 e^ = — j as used in modifiod 
Can-Clay model, for sands. Hence the prediction of shear 
strains by this model are not comparable with the experi- 
mental results as shown in Figures S, lO, 24, 25, 26 and 27, 
Furthermore, it is seen from the Figure 29 that the lines 
correspording to various stress paths when extended, meet 
at a single point. This point corresponds to the strain 
increment ratio 3e^»e equal to zero which represents 
the, critical state of the sample. From this figure it is 
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evident that the stress ratio c once spending to ttis critical 
state is 1.3 vjhich is san- as the value of M obtained fron 
the failure onvelo^je. This method can be usefully '-mployial 
to determine the value of M in c-asc of constant stress 
tests on granular soils where the value cf deviatoric stress 
at failure cannot be accurately determined. 

Similar to equi Y lines as established by Tatsroka ( 1972), 
points of equal volumetric strain with reference to the 

pre-shear state obtained from different stress paths, have 

V 

been plotted on q/i?’ and ?' plane. It is observed that 
these points of equal volumetric strain lie on a single 
curve as shown in Figure 30. In other words the volumetric 
strain is unique for a combination of values of q/P* and ?' 
independent of stress path. How'ever, this needs to be 
further investigated by carrying out the test along the 
stress paths in the third quadrant (i.e, P', q both decre- 
asing) since in this investigation stress paths in other 
three quadrants have been studied. Moreover, it is also 
observed from this figure that volumetric strain changes 
sign f 3 rom positive to negative (volume decrease to swelling) 
about the P'-constant stress path (slightly to its left), 
oda (1972) stuaied the influence of initial 
fabrics on the mechanical proporties of sand and its 
effect on deformation behaviemr. He defined fabric as the 
spatial arrangement of solid particles and associated 
voids. He used resin to fix the structure of samples and 
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defined tiie ratio S^/s^ as the ratio of principal planes in 
an ellipsoidal surface forn^ out of all the contact surface 
gathered and stuck togetter in unit volume of sand. Ihis 
ratio represents fabric characteristics of sajaple. He 
conducted the conventional drained test (A-path) on such 
samples and found that S^/S^ is linearly connected with 
stress ratio dilatancy rate He 

established the relationship be ta'/aen this ratio a^/a^ a «2 

J. a 

strain increment ratio 3 3e^ as 

^1 3 e 

which is the equation of straight line. and Kg are 
constants. His experimental data fitted well with the 
equation proposed him. He concluded that linear rela- 
tionship between ^ 1 /^ 3 / ® ^ funda- 

mental in granular mechanics. 

During his investigation only A-path was considered 
and other paths were not investigated . In order to compare 
Oda's findings with the experimental results the stress 
ratio strain incr^snent ratio -( have 

been plotted for different stress paths as shown in 
Figure 31, This figure confirms the findings of Oda (1972) 
for A stress path and it can also be seen that similar 
straight line relationship exists for other stress paths 
investigated , Purthernuore, all these lines corresponding 
to different stress paths merge at the peak. The ratio of 
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— at peak is 3.28 which corresponds with the value of M = 
1,3 obtained from the failure envelope. Incidentally such a 
plot could be usefully employed to precisely doterrr.ine the 
failure stress in case of constant stress tests. 

Based on the experimental results Tatsuoka and 
Ishihara (1974) pointed out that the family of successive 
yield loci are curved in P‘-q space but nevertheless op&n in 
the direction of P'-axis. They also reported that the 
shear strains as measured in tests with various stress paths 
hardly depend on the stress-path and shear-strain contcsar 
resemble the successive yield loci. However, in their 
investigation all the tests are ccaiducted on isotropically 
consolidated samples. In Figure 32 points of equal shear 
strain measured for various stress paths have been plotted 
and shear strain contours are drawn. The first of the two 
conclusion arrived at by Tatsuoka and Ishihara (1974) that 
shear strain hardly depends cm stress-path is conclusively 
con£irrTK=d from this figure. However, the shape of the 
shear strain contour are more concave downwards for aniso- 
tropically consolidated samples. This shows that the shape 
of yield locus and shear strain contours may not be the 
same in case of ^isotropically consolidated samples. 

The wluraetric strain ccmtours are also plotted 
in Figure 32 which indicates that a constat volume line is 
very much curved instead of being an almost vertical as 
suggested Vermeer (1980). Thus it can be emphasized 
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that stress history predominantly controls the shear and 
volumetric strain response of granular material. Hence the 
double hardening model suggested by Vermeer seems to be an 
oversimplified concept for stress-strain behaviour of 
sands. 
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CKAPIER 6 

CONCLUSION AMD SCOPE POR FURTHER IimiSTIGATION 
6,1 Conclusion 

In this study attempt has been made to study the 
deformation behaviour of Ganga sard and compare it with the 
deformation behaviour of other sands rejxDrted ty various 
authors, mostly the Japanese group, Comparisems have been 
made with the predicted deformatiem behaviour using various 
models ard experimental behaviour of an iso tropic ally normally 
consolidated loose said. The following conclusions are drawn 

(1) The stress strain behavicnir of anisotropically conso- 
lidated loose sard shows close similarity with the 

■i 

findj.ngs of Tatsuoka and Ishihara (1972) in respect of; 
-(a) unique incremental shear strain contours in 

ri - P* stress space being independent of stress 
path (Figure 28), 

(b) the relationship between stress ratio n strain 

Be,-' 

xncroiaQQt ratio { — dapo^orit on stress p^th atiS 

unique oily as critical state is aj^roachod 
(Figure 29 ). 

(2) The experimental reaalts indicate that stress ratio 
— =• is linearly related to strain increment ratio ( 
as rejorted hv Oda (1972)^ the conventional drained l 
test. However, it is observed that the linear 
relationship is path dependent (Figure 31). 
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(3) Modified Can-Clay model in most of the cases under- 
predicts the shear strains (Figures 8 , 10 , 24, 25, 26 
and 27). 'iliis is due to the fact that there is no 
unique flow rule for sands as assumed in the rmodel, 

The dependence of flow rule on stress path has been 
emphasizea by Tatsuoka and Ishihara (1972) (see 
Figure 29 inset) and confirmed in this investigation 
(Figure 29). 

(4) The semi-empirical model proposed by Matliair (1975) and 
Jain (1979) predicts the stress-strain behavicxir of 
sand very close to the actual behaviour f or a wide 
variety of stress-path specially in the range % 4 iich 
are of practical importance. 

From the findings pres^ted here and the results of 
Japanese studies it would appear that a semi-or^irical 
approach to modelling the stress path and stress history 
dep^aident stress-strain behaviour wculd be more realistic. 
This would in fact be similar to the stress path approach 
to the study of soil behaviour, 

6.2 Scop©' for Further Investigation 

In case of normally and lightly overconsolidated 
clays Jain (1979) has reported that loading parameter and 

D_ increases linearly with increase in initial mean effective 

3 

presaire and paranetor and <*3 are independent of P|, 
This needs verificatitxi in case of saids by varying the 
initial mean effective pressure P|. 



TABLE 2 : 


Basic Tests Required for Prediction of Stress 
Paths in Different Quadrants (Refer Figure 3). 


Quadrant 


Stress path 
specific ation 


Basic tests needed for parameter 
evaluation 


P* -increasing q-constant test (stress path - E, ) 
I 

q-increasing P* -constant test {stress path - B) 
P‘ -decreasing q-constant test (stress path - E) 


II 

q- increasing P‘-ccMistant test (stress path “ B) 



P • sdecreasing q-constant test (stress path - E) 


III 

q-decreasing P* -constant test (stress path - ) 
P* -increasing q-constant test (stress path - Bj^) 
q-decreasing P* -constant test (stress path - Ej^) 


IV 
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TABLE 3 : Model Parai^eters for Various Basic "Pests on 
Anisotropically Consolidated Loose sand. 



= 2,5 Kg/cm^ 

** 0^5 

Basic 

1 

1 

: test ; 

« 

1 

- ff 

Parameters 

P’ “Constant 

(q“ increasing ) 

= 0,CX333^ * 0,008 

P * “Constant 

(q-^decreasing ) 

B = 0^ C ss (proposed ) 

q^constant 

(P ‘ “increasing ) 

= 0.013, = 0.0040 

q-constant 

(P '“decreasing) 

=5 0.007, 8^ “ ■" 0.00062 
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